The use of nanocarriers such as liposomes to deliver anticancer drugs to tumors can significantly enhance the therapeutic index of otherwise unencapsulated cytotoxic agents. This is in part because of the fact that the phospholipid bilayer can protect healthy sensitive tissue from the damaging effects of these types of drugs. Furthermore, the ease with which the phospholipid bilayer surface can be modified to allow for polyethylene glycol incorporation resulting in pegylated liposomes allow for increased circulation times in vivo, and thus an overall increase in the concentration of the drug delivered to the tumor site. This explains the clinical success of the liposomal-based drug Doxil, which has proven to be quite efficacious in the treatment of breast cancer. However, significant challenges remain involving poor drug transfer between the liposome and tumor cells with this type of nontargeted drug delivery system. Thus, future work involves the development of "smart" drugs, or targeted drug delivery intended for improved colocalization between the drug and cancerous cells. While it is not possible to entirely discuss such a rapidly growing field of study involving many different types of chemotherapeutics here, in this review, we discuss some of the recent advancements involving the development of targeted liposome-based chemotherapeutics to treat breast cancer.
Introduction
Breast cancer is the second leading cause of cancer-related mortalities among women in the United States, 1 and therefore, new and improved chemotherapies are desperately needed. However, there are significant challenges to overcome with respect to the efficient delivery of cytotoxic agents to solid tumors such as breast cancer. For example, it is important that enough of the cytotoxic agent reach the tumor in order to have the intended cytotoxic effect, while at the same time minimizing contact between the cytotoxic agent and healthy tissue. The use of nanocarriers as drug delivery systems (DDS) can serve to minimize unintended negative side effects by encapsulating the cytotoxic agent, thereby shielding healthy tissue from the damaging effects of the drug. However, the successful use of DDS can be complicated by a number of factors. For example, low circulation times in vivo associated with the use of relatively large DDS can be particularly problematic. Furthermore, poor tumor tissue penetration following arrival at the tumor site can also in theory be challenging for DDS, especially given the highly heterogeneous vascular supply and high interstitial pressures within tumor tissues. 2, 3 However, the use of pegylated liposomes as DDS has proven to circumvent some of these issues. The addition of polyethylene glycol (PEG) to the liposome surface dramatically increases circulation times in vivo, [4] [5] [6] and a phenomenon known as the enhanced permeation and retention effect allows for tumor tissue penetrability of these types of DDS. 7, 8 This effect is caused by not only ongoing deregulated angiogenesis but also poor lymphatic drainage within tumor tissue. Liposomes are ideal DDS for in vivo use as they are generated from phospholipids and are therefore biocompatible, and also have the ability to accommodate both hydrophilic and hydrophobic drugs either in the internal aqueous core or the phospholipid bilayer, respectively. 6, 9 Thus, it is not surprising that liposomes have been the focus of many studies involving the treatment of various cancers. 10, 11 In fact, breast cancer is of particular interest because of the clinical success of the liposomal-based drug Doxil, which is currently used to treat recurrent breast cancer. 12, 13 Doxil is a pegylated liposome formulation containing the anthracycline drug doxorubicin (DOX), which has gained considerable notoriety as negative side-effects commonly associated with unencapsulated anthracyclines such as cardiotoxicity is considerably reduced in the encapsulated form. 4, 14 This is because of the fact that less of the drug is delivered to the heart in the encapsulated form, thus preventing irreversible acute injury to the heart. Complications arising from myelosuppression are also significantly reduced when comparing encapsulated DOX to unencapsulated. 4 However, while proving to be somewhat successful in treating breast cancer, a major limitation of the drug involves the presence of the PEG moiety. While allowing for increased circulation times in vivo, the presence of the PEG also presents a steric barrier between the drug itself and tumor cells, thus limiting cellular uptake of these systems. Therefore, delivery of the encapsulated cytotoxic agent is somewhat dependent upon leakage in the interstitial fluid, and subsequent cellular uptake of the free drug. 4 Further limiting its use is the fact that drugs such as DOX have a relatively high affinity for various components of the extracellular matrix, which further limits cellular uptake following leakage from the DDS in the tumor microenvironment. 15 Therefore, the next generation of these types of drugs may involve the incorporation of targeting ligands to the surface of these DDS in order to allow for improved colocalization of the drug to cancer cells. In this review, we discuss various targeted liposome constructs recently developed in order to better treat breast cancer.
Targeted Liposome-based Drugs
The idea behind targeted liposome-based drug delivery to treat breast cancer is generally to first identify an overexpressed cell surface receptor to be targeted. Once identified, a known targeting ligand specific for that cell surface receptor can then be incorporated within either the bilayer of the liposome or at the distal end of the PEG (Figs. 1-3 ). Recent promising studies have been reported using both of these strategies. For example, Shroff and Kokkoli have incorporated a fibronectin-mimetic peptide-amphiphile (PR_b) within the bilayer of liposomes in order to target overexpressed α 5 β 1 integrins in breast cancer cells (Table 1) . 16 In this study, the targeted PR_b-functionalized pegylated liposomes provided much higher cytotoxicity against MDA-MB-231 breast cancer cells than their nontargeted counterparts. In another interesting study reported just last year, Jain et al used the well-known estrogen receptor (ER) antagonist tamoxifen for incorporation within the liposomal surface as a targeting ligand in liposomes loaded with DOX (TMX-DOX liposomes).
17 TMX-DOX liposomes demonstrated significant inhibition of MCF-7 cell-based tumor growth in nude mice when compared to either a free DOX solution or nontargeted DOX-loaded liposomes. However, it should be noted that a particular concern when designing systems such as these is the negative receptor/ligand recognition that can occur as a result of the inevitable PEG addition at the surface of liposomes for in vivo use. Therefore, other groups have employed strategies involving coupling targeting ligands to the distal ends of the PEG rather than within the bilayer itself. For example, Paliwal et al have reported promising results using estrone (ES) as the targeting ligand to also target upregulated ER in breast cancer cells. 18 ES is structurally similar to estradiol, which is known to bind the ER, and was anchored within DOXloaded liposomes via the PEG moiety to generate targeted stealth liposomes (ES-SL-DOX). In this study, the tumor accumulation of ES-SL-DOX proved to be more than 24 times higher than free DOX, and more than six times higher than nontargeted pegylated liposomes. A dramatic improvement in tumor accumulation and cytotoxic effect was also reported by Lu et al when comparing a targeting system to its nontargeted counterpart using a 12 amino acid sequence as a targeting ligand referred to as SP90 (SMDPFLFQLLQL) coupled to the distal end of the PEG moiety and incorporated into DOX-loaded liposomes. 19 A much larger 31 amino acid peptide sequence known as F3 (KDEPQRRSARLSAK-PAPPKPEPKPKKAPAKK) has also recently been reported to successfully target breast cancer cells with overexpressed nucleolin receptors using DOX-loaded liposomes. 20 Notes: *There are no currently known binding receptors for the listed targeting ligands that were identified using various techniques (eg, from libraries developed by phage peptide display); however, the breast cancer cell lines that bind the targeting ligand are listed above. Peptide-amphiphile sequence ((C 16 ) 2 -Glu-C 2 -KssPhsrn(sG) 5 rGdsP). 2 Targeting peptide sequence (SMDPFLFQLLQL) shown to specifically bind BT-483 breast cancer cells and not to normal control. 3 this system also has a ph-sensitive component to it in addition to a peptide targeting ligand (KdePQrrsarlsaKPaPPKPePKPKKaPaKK). 4 Cyclic targeting amino acid peptide (GCGnVVrQGC). 5 Cyclic octapeptide sequence (Cys-asp-Gly-Phe(3,5 diF)-Gly-hyp-asn-Cys-nh 2 ).
p18-4-PEG-DSPE and containing DOX have been shown to be much more cytotoxic to various breast cancer cell lines than nontargeted liposomes. The use of cyclic peptides as targeting ligands coupled to the distal ends of the PEG moiety has also been recently reported to be successful when tested on various breast cancer cell lines. For example, a cyclic 10 amino acid peptide (GCGNVVRQGC) referred to as TMT has recently been reported to be selective against highly metastatic cell lines, including breast cancer compared to nonmetastatic cell lines. 23, 24 Successful targeting of breast cancer cell lines that are generally difficult to target because of a lack of confirmed targets such as triple-negative breast cancer cell lines with cyclic peptides in this general construct has also been recently reported. 25 Triple-negative breast cancer cells are characterized by the absence of the commonly targeted receptors such as estrogen, progesterone, and HER2. In this study, a cyclic octapeptide (Cys-Asp-Gly-Phe(3,5 DiF)-Gly-Hyp-AsnCys-NH 2 ) was used to target the overexpressed α3 integrin. Another commonly used strategy involving targeting ligands coupled to the end of PEG moieties involves the use of antibodies. For example, HER2-targeted liposomal DOX DDS have recently been reported to have significant selectivity toward breast cancer cells. 14, 26 More recently, the Mucin 1 cell surface receptor (MUC-1) known to be overexpressed in breast cancer has successfully been targeted using the anti-MUC-1 monoclonal antibody hCTM01 as the targeting ligand in DOX-loaded liposomes. 27 Yet, another recently reported study employed an interesting strategy involving the use of dioleoyl phosphoethanolamine-N-dodecanoyl (N-dod-PE) as an anchor rather than PEG for the targeting ligand within DOX-loaded liposomes. 28 The targeting ligand in this study was anti-CXCR4, which was used to target the overexpressed C-X-C chemokine receptor type 4 (CXCR4).
Conclusions
The use of DDS such as liposomes to deliver encapsulated chemotherapeutics to treat breast cancer can significantly improve the overall efficacy of otherwise unencapsulated drugs. Currently approved liposomal-based drugs such as Doxil have proven to be quite effective. Advantages of using pegylated liposomes as drug delivery vehicles for chemotherapeutics include the fact that more of the drug is delivered to the tumor site and that the presence of the phospholipid bilayer not only minimizes exposure of the drug to healthy tissue but also prevents the encapsulated drug from being broken down while in systemic circulation. Thus, future work using liposomes as a basic construct for improved chemotherapeutics is very promising, and numerous successful systems have been reported. However, with such a rapidly growing field, it is not feasible to discuss all recently described liposome-based chemotherapeutics involving various strategies to achieve targeting capabilities to breast cancer. While the focus here has primarily been peptides and antibodies used as targeting ligands on liposomes containing various encapsulated cytotoxic agents, some other very innovative strategies have involved the development of liposomes that respond to radiation, changes in pH, and temperature, 29 as well as siRNAcontaining liposomes. 30 In any event, the next generation of clinically used liposomal-based drugs may in fact involve colocalization of the drug to tumor cells through targeting ligand addition in an attempt to actively target breast cancer cells, and many successful recently reported studies have briefly been outlined here.
